Abstract-Electrophoretic separation under native conditions may be used for purification of protein molecules and their complexes with DNA and other ligands. Here, we employed this approach to separate protein-DNA complexes with a molecular weight of approximately 200 kDa: mono-and dinucleosomes. The purified mononucleosomes were subjected to single particle electron microscopy study using negative stain contrasting, and the two-dimensional projections of the nucleosomes at 25 Å resolution were obtained. A comparison of the nucleosome projections before and after separation in the native PAGE revealed different orientation of particles on the carbon film.
INTRODUCTION
Nuclear DNA of eukaryotes exists as a complex of histone and nonhistone proteins, forming a chromatin. The proteins induce DNA supercoiling and compaction as well as replication, transcription, repair, and recombination. Chromatin structure plays an important role in regulation of those processes and depends on histone modifications and chromatin remodeling factors [1, 2] , while the latter allow enzymes to access various DNA sites.
The fundamental structural unit of chromatin is a nucleosome that consists of DNA fragments of 146 base pairs and 1.75 turns wrapped around the Н2А, Н2В, Н3, and Н4 histones. A histone octamer is composed of a central (Н3-Н4) 2 tetramer flanked by two Н2А/Н2В dimers. Spatial arrangement of nucleosome bears a resemblance to a flat cylinder, 11 nm in diameter and 5.7 nm high [3, 4] .
The structural stability of an octamer complex is ensured by histones' intermolecular interactions, that is, two Н3-Н4 dimers are hold together due to interaction between H3 histones. Thus formed (Н3-Н4) 2 tetramers bind to Н2А/Н2В dimers through interaction between histones Н4 and Н2В. The molecular mass of the nucleosome is approximately 215 kDa. Linker DNA segment between core particles averages 60 base pairs. A molecule of H1 histone is bound to the linker DNA. The processes of nucleosomes repositioning along DNA are termed chromatin remodeling and lead to changes in nucleosomal occupancy, which may include altering the structure of the histone octamer, i.e., histone removal or exchange and their modifications. The processes involved are instrumental in controlling gene expression, forming epigenetic memory of a cell, and regulating the transcription and repair. A special function in the remodeling is fulfilled by N-terminal sites of histones that often undergo posttranslational modifications. Being practically unstructured, they protrude from the nucleosome to make interactions with DNA and various protein factors [5] .
Dinucleosomes may be formed in ATP-dependent chromatin remodeling [6] . All processes that involve genetic material in the cell are accompanied by the rearrangement of chromatin, assembly and disassembly of the nucleosome. Disruption of the processes of DNA-histone and histone-histone interactions and irreversible removal of nucleosome caused by a number of factors have the potential to launch morbid processes and decrease viability of cells, in particular, preventing the transcription [7] [8] [9] .
Transcription processes are vital for cell functioning and metabolism. This dictates a need to understand structural characteristics of dynamic intermediaries of transcription. Crystallization of protein-DNA complexes may present difficulties due to size and structural lability. Therefore, transmission electron microscopy (TEM) of macromolecules may form a useful method for obtaining structural information nowadays [10] .
METHODS
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Vol. However, in actual practice, some protein complexes are difficult to obtain in quantities required for TEM. In addition, complexities can arise when using gel filtration to separate proteins of similar weight.
At the same time, native gel electrophoresis yields nonoverlapping distinct bands of protein-DNA complexes and individual protein molecules based on their molecular weights and charge. Recently, a method was introduced to extract proteins from native gel for further study with the electron microscopy technique [11] . To try and test the method, the authors selected large molecular complexes, such as a thermosome from T. acidophilum, the 20S proteasome, and ATPase, with molecular weights 940, 680, and 500 kDa, respectively, which can be easily identified on electron micrographs.
In this study, we modified the proposed method for protein purification from gel to apply to smaller protein-DNA complexes, i.e., nucleosome of 215 kDa.
The present method has been demonstrated to yield a pure preparation of protein-DNA complex for further study in an electron microscope.
MATERIALS AND METHODS
Reconstitution of nucleosomes.
A polymerase chain reaction (PCR) was used to generate a DNA template containing a T7A1 promoter and a nucleosome-positioning sequence with one of the primers bearing a FAM fluorescent label at the 5' end as described earlier [12] . Histones for nucleosome reconstitution (with H1 histone removed) were sourced from chromatin, extracted from chicken erythrocytes as described earlier [13] . Nucleosomes were reconstituted on a FAMlabeled template following the protocol outlined in [13] ; viz. histone octamer was deposited on a FAMlabeled template while carrying out dialysis against buffers 10 mM Tris-HCl, 1 mM EDTA, pH 8, 5 mM β-mercaptoethanol, 0.1% NP-40, and reducing NaCl concentration from 1 to 0.01 M.
Separation of proteins in native gel. We loaded 3.3 pM of nucleosomes onto a polyacrylamide gel (PAAG). Positioning of mononucleosomes and dinucleosomes in a 4% PAAG run in 0.5X TBE was detected by FAM fluorescence. The gel was imaged with a GE Healthcare Typhoon laser scanner, then, the pattern was printed out. Aligning the gel and the printed 1 : 1 pattern of its fluorescence, we identified gel bands with mono-and dinucleosomes.
Electron microscopy. Copper grids for electron microscopy coated with a formvar layer which has been strengthened by subsequent carbon evaporation (SPI, United States) were subjected to glow-discharge in a Emitech K100X unit (United Kingdom) at 25 mA for 45 s for standard preparation of the specimen and for 2 min to purify complexes from gel. This treatment imparts the hydrophilic properties to carbon support film necessary for better precipitation of protein molecules on it. Once nucleosomes were separated on the gel, its surface had been soaked in buffer and scratched with a dissecting pin. Immediately after the treatment, the grids were placed back-side down on to the gel surface in the area corresponding to the desired protein band; the gel surface had been soaked in buffer and scratched with a dissecting pin. Then, the grids were exposed in a moistened chamber at room temperature for 5 min. Excess buffer was removed with filter paper. For standard preparation of the specimen 3 μL of protein was applied to the treated surface area of the grid at room temperature for 30 s, thereafter the excess was removed with filter paper. Next, the specimens were contrasted by negative staining with a 1% uranyl acetate aqueous solution, and the excess solution was blotted off with filter paper. The ready-for-use grid with the deposited and contrasted specimen was let to air dry.
The specimens were examined in a JEOL 2100 transmission electron microscope (JEOL, Japan) in the laboratory of electron microscopy at the Department of Biology at Moscow State University (Moscow, Russia) under accelerated voltage of 200 kV. To minimize the degradation of the sample during its exposure to the electron beam a dose condition (<10-20 electrons per Å 2 per second) was used. Images of particles were obtained at ×40 000 magnification and captured on a CCD with a resolution of 2000 × 2000 pixels (Gatan, United States). The pixel size on micrographs was 3.7 Å.
Reconstruction of particles and further image processing was performed using the IMAGIC5 software [14] .
RESULTS AND DISCUSSION
In the past decades, TEM has established itself as a competent method of structural biology. What made using possible was a significant improvement in electron microscopy techniques and advancement in computer technologies for performing 3D structure computations [10, 15, 16] .
Electron microscopy extends the capabilities of structural biology in a way that it can visualize macromolecular complexes in different conformations. The TEM technique requires a considerably smaller amount of protein compared to other structure determination procedures. TEM of macromolecules advanced to subangstrom resolution with the introduction of direct detectors. This allowed the atomic structures of protein molecules to be detected, and inter-and intramolecular interactions in protein complexes were reinterpreted [17] .
At the same time, preparation of specimens for TEM may present certain difficulties. A protein must be isolated in pure form before its structure can be studied. In particular, separating the complexes in different oligomeric forms became a crucial step in the isolation of transcriptional intermediary complexes of nucleosomal DNA.
This can be achieved through electrophoretic separation of proteins. In the present study, we used native gel electrophoresis to separate mono-and dinucleosomes and purify them from donor chromatin (Fig. 1) . During gel electrophoresis, mono-and dinucleosomes are separated into two bands that can be independently transferred to the grid for examination.
Once the protein complexes were transferred from gel to the grid, the sample was studied using an electron microscope under the standard conditions of 40 000× magnification using a low-dose imaging technique at a defocus setting of 1.5-1.9 μm. Following the purification of mononucleosomes from PAAG, its concentration proved to be sufficient to resolve individual particles. Micrographs of nucleosomes obtained using a standard procedure (Fig. 2a) show background density, apparently, formed by the DNA of the donor chromatin, which hampers the reconstruction and interpretation of the samples. Such density does not exist on micrographs resulting from electrophoretic separation of mononucleosomes (Fig. 2b) .
Different orientation of nucleosomes was observed in samples before and after electrophoretic separation. In the former case, nucleosomes adopt a mostly horizontal orientation such that the histones come in contact with the support film. As a result of the electrophoretic separation, nucleosomes frequently display various orientations, including orientations perpendicular to the support film, in which case DNA wrapped around the nucleosome would come into contact with the support film. This may be tied to alterations in net charge of the complex or hydrophilic properties of DNA during electrophoretic separation. Earlier, no correlations were found between the orientation of protein complexes and processing time of the grid in the glow discharge. The availability of various orientations may facilitate generating a three-dimensional reconstruction of a molecule, since there is no need to rotate the specimen holder in search of missing spatial conformations during electron microscope examination [18] .
Images of mononucleosomes at different orientations were aligned relative to the rotational sum of all particles and combined to enhance contrast (Fig. 2c) . Resolution assessment of two-dimensional projection structures was made using the Fourier ring correlation and was found to be 25 Å. Linear dimensions of the obtained two-dimensional micrographs (Fig. 2d) are comparable to the dimensions of two-dimensional projections of the crystal structure of a nucleosome core particle [19] at a corresponding resolution of 25 Å (Fig. 2e) , thus illustrating the absence of basic disruptions in the structure of mononucleosomes purified from native PAAG. The position of a particle in space is represented through a model object, the Euler sphere. The center of the Euler sphere determines the position of a particle. Euler angles define the orientation of a particle relative to the center. The alpha angle describes the rotation of a particle in the plane of support film from -180°t o +180°, and the beta angle describes the tilt of a particle relative to the plane of support film.
The present study revealed that the majority of structure projections of nucleosomes prepared by the standard procedure (80%) clearly display a centrally positioned "cavity" formed by the histone octamer. This indicates horizontal orientation of nucleosomes on support film (Fig. 2c) . The computed values of Euler angles support the same (Fig. 3) .
After the electrophoretic separation in nondenaturing conditions, the sample of mononucleosomes contained only 20% of particles with horizontal orientation on support film, while other orientations were observed, including lateral (Fig. 2c) . This sample, exhibits a rather uniform distribution of Euler angle values (Fig. 3) , allowing for more accuracy in computation of a three-dimensional structure of a protein molecule.
Thus, we demonstrated, in essence, the possibility of specific purification of protein-DNA complexes with a molecular weight of approximately 200 kDa from native PAAG in a preparative amount for electron microscopy study. The given purification technique yields more diverse spatial orientations of protein-DNA complexes on support film facilitating three-dimensional reconstruction based on TEM data. The collected results may be used to further investigate structural basics of the transcription pro- 
